Intercellular adhesion molecule 1 (ICAM-1) is an endothelial cell adhesion molecule implicated in cerebral malaria. We investigated whether fibrinogen affects Plasmodium falciparum binding to ICAM-1, as the ICAM-1 binding sites of P. falciparum and fibrinogen overlap. We show that fibrinogen dramatically reduces P. falciparum adhesion to ICAM-1 under flow conditions.
Plasmodium falciparum infection can result in severe anemia, organ failure, cerebral malaria, and coma and can eventually cause death. The unique ability of P. falciparum-infected red blood cells (IRBC) to sequester in the small blood vessels of major organs in humans is thought to be a major contributory factor leading to these extreme complications and is supported by evidence obtained at autopsy (23) . Several P. falciparum-derived molecules have been implicated in mediating IRBC adhesion, although not all have been shown to do so conclusively (for a review, see reference 19) . Of these molecules, P. falciparum erythrocyte membrane protein 1 (PfEMP1) (3, 18) has attracted the most attention, as cleavage of PfEMP1 from the red blood cell (RBC) surface by trypsin inhibits adhesion (18) and a number of receptor binding sites have been mapped to this molecule (2) . Numerous endothelial cell surface molecules bind IRBC (reviewed by Ho and White [14] ). However, binding to intercellular adhesion molecule 1 (ICAM-1), one of the few molecules whose expression is up regulated in malaria (5, 25) , has been found to be greatest in parasite isolates obtained from patients with cerebral malaria (20) . As the ICAM-1 binding sites of PfEMP1 and fibrinogen (Fg) overlap (11) , Fg may affect IRBC binding to ICAM-1 and thereby affect malaria pathogenesis.
We used two lines of P. falciparum, A4 (24) and ItG (21) , to investigate whether Fg (at levels comparable to those observed in patients with malaria [15] ) alters IRBC binding to ICAM-1 under flow conditions. Parasites were cultured in RPMI 1640 medium (supplemented with 37.5 mM HEPES, 7 mM D-glucose, 6 mM NaOH, 25 g of gentamicin sulfate/ml, 2 mM L-glutamine, and 10% human serum) at a pH of 7.2 in a gas mixture of 96% nitrogen, 3% carbon dioxide, and 1% oxygen. On day 4, parasites were synchronized with sorbitol, and prior to use on day 5 or 7, parasites were washed twice in binding buffer (RPMI 1640 medium supplemented with 6 mM glucose, pH 7.2). Cultures were resuspended to 1% hematocrit (Coulter Counter) and 3% parasitemia (Giemsa staining). For the flow assay, microslides were coated with ICAM-1-Fc (10 g/ml), blocked overnight at 4°C, and then incubated with varying concentrations of human Fg or fibronectin. For the flow experiments (7), we used a flow rate that yielded a wall shear stress of 0.05 Pa, which has been used widely to mimic wall shear stresses in capillaries. IRBC suspensions were allowed to flow over the microslides for a total of 5 min, with the recording of six separate fields on the microslide (10-s clips) carried out at the fifth minute at ϫ2,000 magnification. Once recording was finished, binding buffer was used to remove unbound RBC and the number of stationary IRBC was counted in six separate areas on the microslide at ϫ300 magnification, from which the number of stationary IRBC per square millimeter was calculated. Examination at ϫ2,000 magnification revealed that almost all adherent cells (Ͼ99%) were parasitized. The velocity of all adherent IRBC captured in the recording at 5 min was calculated and analyzed. From the velocity data, the actual number of rolling IRBC could be determined if a velocity of Ͻ15 m/s was deemed to be stationary. Statistical significance was determined by the Tamhane T-2 test, and differences were regarded as significant if P was Ͻ0.05.
A4 and ItG binding to ICAM-1. Weak A4 binding to ICAM-1 resulted in little stationary adhesion; however, the majority of A4 adhesive interactions were rolling adhesions ( Fig. 1A and B) . In contrast, the stronger binding of ItG IRBC to ICAM-1 generated many more stationary ItG and rolling velocities were much lower ( Fig. 1C and D) . Differences between the adhesion of A4 and ItG to ICAM-1 were highlighted by significantly greater numbers of stationary ItG which bind ICAM-1 (P Ͻ 0.003 in Fig. 1C ) and the significantly lower rolling velocity of ItG on ICAM-1 (P Ͻ 0.001 in Fig. 1D ). Our results agree not only with previous research investigating A4 and ItG IRBC binding to ICAM-1 (1) but with the variable binding behavior of field isolates (8) . This variation in binding behavior between parasite isolates and laboratory lines may be explained by the differential adhesion properties of the variant surface proteins expressed.
Fg inhibits A4 and ItG binding to ICAM-1. Binding of Fg in high concentrations to ICAM-1 blocked A4 and ItG binding, demonstrated by the significantly reduced numbers of stationary IRBC bound to ICAM-1 (P Ͻ 0.001 in both Fig. 1A and C) , by a general increase in IRBC rolling velocity on ICAM-1 ( Fig.  1B ; P Ͻ 0.008 in Fig. 1D ), and by a reduction in the numbers of IRBC which roll on ICAM-1 (determined during rolling velocity analysis). Repeating these experiments with fibronectin had little or no effect upon A4 or ItG IRBC binding to ICAM-1 with regard to stationary adhesion (Fig. 1A and C, respectively), rolling velocity, or the number of rolling IRBC (data not shown). Therefore, as Fg prevents the adhesion of IRBC to ICAM-1, it may reduce IRBC sequestration and thereby reduce malaria pathogenesis.
Little research has directly addressed the relationship between Fg and malaria pathogenesis, although hypofibrinogenemia in P. falciparum malaria has been observed (15) . However, this study did not directly compare Fg levels to parasitemia and the clinical severity of acute malaria cases was unclear. Our results suggest that hyperfibrinogenemia may inhibit A4-and ItG-like adhesion to ICAM-1, thereby protecting against severe malaria. Conversely, hypofibrinogenemia may augment susceptibility to severe malaria. It is of interest, therefore, that a single natural polymorphism (K29 M, termed ICAM-1 kilifi ) in the PfEMP1 binding site on ICAM-1 inhibits Fg binding to ICAM-1 (10) . If ICAM-1-bound Fg does prevent IRBC sequestration, then disease severity should be increased in ICAM-1 kilifi homozygotes, and indeed a Kenyan study found ICAM-1 kilifi -homozygous children significantly more susceptible to cerebral malaria (12) . However, in Gabon, the incidence of severe malaria was reduced in ICAM-1 kilifi -homozygous children (17) , although disease states were not categorized into cerebral malaria and severe malaria, and a Gambian study found no effect (4) . The results of these contrasting studies may reflect several differences (9), including P. falciparum line diversity, as coinfection with more than one parasite line has been shown (6, 16) 
